Various actin-based intercellular channels that connect animal cells to one another have been reported, such as filopodia (1, 4) , cytonemes (15, 36) , tunneling nanotubules (40) , and membrane nanotubes (34) . It has been proposed that these channels are involved in intercellular communication and are exploited for the transport of cellular macromolecules. Indeed, it was reported recently that some animal viruses exploit virusinduced actin-based cell-periphery protrusions to facilitate their intercellular movement. For example, vaccinia virus induces the formation of actin tails that allow its efficient egress from cells and intercellular spread (30, 38) . Moreover, the alphaherpesvirus moves within virus-induced, actin-containing cell projections toward the tips of these projections and then enters uninfected cells (9) , and the cell-to-cell transmission of retroviruses appears to exploit the virus-induced polarization of the actin cytoskeleton (12, 18, 19) .
Rice dwarf virus (RDV) is a Phytoreovirus that multiplies both in plants and in an invertebrate insect vector, as can other plant reoviruses that belong to the genera Fijivirus, Phytoreovirus, and Oryzavirus in the family Reoviridae (3) . RDV has a 12-segmented (S1 through S12) double-stranded RNA genome. Seven segments, namely, S1, S2, S3, S5, S7, S8, and S9, encode structural proteins, and the remainders encode nonstructural proteins (32, 53) . RDV Pns6 was shown recently to support the cell-to-cell spread of a heterologous plus-sense single-stranded RNA virus in nonhost plants (24) . RDV Pns10 was reported to act as a suppressor of RNA silencing in a nonhost plant (7) , and Pns11 was reported to be a nucleic acid-binding protein (51) .
A recent detailed cytopathological analysis, using antibodies against each of the 12 proteins encoded by the double-stranded RNA genome of RDV and insect vector cells in monolayers (VCMs) (50) , revealed that the nonstructural proteins Pns6, Pns11, and Pns12 were the constituents of viroplasms. Pns4 was found to be the major component of fibril-like inclusion bodies, while Pns10, encoded by S10, was shown to be associated with tubule-like structures, as revealed by immunofluorescence microscopy. However, the nature of these tubular inclusions remains to be determined. In fact, no functional roles have been definitively assigned to any of these inclusion bodies, although viroplasms are believed to be sites of viral replication.
Animal viruses generally enter cells by receptor-mediated endocytosis and/or membrane fusion, and they leave cells by cytolysis and/or membrane budding, as in the case, for example, of vertebrate reoviruses (8, 31, 39) . Plant reoviruses seem to utilize different strategies for spreading in their two hosts: plants and leafhoppers (13, 17) . In plant viruses, they exploit so-called movement proteins (MPs) to facilitate cell-to-cell spread via a mechanism that involves plasmodesmata. Two different mechanisms for the cell-to-cell movement of viruses have been recognized and studied extensively. In one, MP is associated with viral RNA in a nucleoprotein complex that moves to the neighboring cell (10) ; in the other, MP modifies plasmodesmata by insertion of tubular structures, allowing the transport of entire viral particles (48) .
Tubular structures that contain viral particles can frequently be observed by electron microscopy in plant and vector insect cells that have been infected with plant reoviruses (11, 44) . These tubules have never been found in association with the cell wall or to be extended from plasmodesmata (3, 11, 44) , suggesting that the tubules of plant reoviruses might not be involved in the cell-to-cell movement of viruses in diseased plants. By contrast, numerous tubules containing RDV particles were found in association with the microvilli of the midgut in viruliferous leafhoppers (29) . These observations suggest that viruses might utilize these tubules for movement between cells of vector insects. To examine this possibility, we used confocal immunofluorescence and immunoelectron microscopy to investigate the constituents of tubules and the time course of their formation in RDV-infected VCMs. Our results showed that the nonstructural protein Pns10 of RDV was the major constituent of the tubules. Moreover, the virion-containing tubules were associated with actin-containing filopodia that made contact with and penetrated into neighboring cells. The association of Pns10 tubules of RDV with filopodia appeared to facilitate the intercellular movement of viruses in the presence of virus-neutralizing antibodies. Our results suggest a previously uncharacterized mode of intercellular viral spread wherein viruses exploit tubular structures, composed of a nonstructural protein of the virus, to move along filopodia and into adjacent invertebrate animal cells.
MATERIALS AND METHODS
Cells and viruses. NC-24 cells, originally established from embryonic fragments dissected from eggs of Nephotettix cincticeps, were resuspended in the modified medium describe by Kimura and Omura (22) . The O strain of RDV was purified from infected rice plants without CCl 4 , as described previously (53) .
Antibodies and reagents. We used rabbit polyclonal antibodies against the nonstructural protein Pns10 of RDV (45) and antibodies against purified RDV (46) . Latrunculin A, jasplakinolide, ProLong antifade, Alexa Fluor 647 carboxylic acid, and rhodamine phalloidin were obtained from Invitrogen. Fluorescein isothiocyanate (FITC) was purchased from Pierce. LR Gold resin was obtained from Bioscience. Purified actin was obtained from Sigma-Aldrich.
Expression and purification of recombinant Pns10 of RDV. The sequence encoding Pns10 of RDV was cloned as a PCR-amplified EcoRI-XhoI fragment into the EcoRI-XhoI sites of pGADT7 (Clontech), and cloning of the appropriate fragment was verified by DNA sequencing. Then the fragment of RDV Pns10 cDNA was subcloned into the EcoRI-SalI sites of the bacterial expression vector pMAL-c2X (New England Biolabs) and expressed in Escherichia coli BL21(DE3) (Novagen). Pns10 was purified as a fusion protein with maltosebinding protein (MBP-Pns10) according to the instructions from New England Biolabs. The purified proteins were electrophoresed through a 10% sodium dodecyl sulfate-polyacrylamide gel electrophoresis gel.
Binding analysis by surface plasmon resonance. Surface plasmon resonance is a label-free technology for monitoring biomolecular interactions as they occur. It measures mass changes induced by association or dissociation between an immobilized analyte and a binding partner. Interactions between MBP-Pns10 and purified actin were identified and characterized by surface plasmon resonance technology using the BIAcore 2000 system (BIAcore AB, Uppsala, Sweden). Eight thousand response units of purified actin, diluted in 10 mM sodium acetate (pH 4.5), were immobilized on the dextran matrix of a CM5 sensor chip by using an amine coupling kit according to the manufacturer's instructions. Real-time interaction analysis was performed by injecting different concentrations of MBPPns10 (ranging from 3.5 to 28 nM). Binding experiments were carried out in HEPES-buffered saline (10 mM HEPES [pH 7.4],150 mM NaCl, 3 mM EDTA and 0.005% Tween 20), at 25°C and at a flow rate of 10 g/ml. Ten millimolar HCl pulses were used to regenerate the chip surface. MBP, dissolved in HEPESbuffered saline buffer at 100 nM, was used as a negative control. Kinetic rate constants including association rates (K on ), dissociation rates (K off ), and affinity constants (K D ) were calculated on the basis of 1:1 (Langmuir) binding using BIAEVALUATION 3.0 software from BIAcore AB.
Expression by baculovirus of Pns10 of RDV. The construction of recombinant baculovirus, as well as the cell culture and inoculation of Spodoptera frugiperda (Sf9) cells, was performed as described previously (27) . In brief, the coding region of the cDNA for RDV Pns10 that had been cloned into pGADT7 was subcloned into the pFastBac donor plasmid (Invitrogen). Then recombinant pFastBac was introduced into E. coli DH10 Bac cells (Invitrogen) for transposition into the bacmid. The recombinant bacmid was isolated and used to transfect Sf9 cells in the presence of CellFECTIN according to the instructions from Invitrogen. Then, at various times postinoculation (p.i.), Sf9 cells were collected, and the expression of proteins was examined by sodium dodecyl sulfate-polyacrylamide gel electrophoresis and immunoblotting with Pns10-specific antibodies.
Immunofluorescence staining. Immunoglobulin G (IgG) was isolated from specific polyclonal antiserum using a protein A-Sepharose affinity column (Pierce). Eluted IgG was dialyzed exhaustively against phosphate-buffered saline. The IgG was conjugated directly to FITC or to Alexa Fluor 647 carboxylic acid according to the manufacturer's instructions. The antibodies against Pns10 were conjugated directly to FITC or Alexa Fluor 647 carboxylic acid; the antibodies against viral particles were conjugated directly to FITC. At various times after inoculation, VCMs or Sf9 cells on coverslips were fixed in 4% paraformaldehyde and processed for analysis of immunofluorescence as described previously (50) . Actin was stained with rhodamine phalloidin. Samples were examined with a confocal microscope (LSM 510; Carl Zeiss, New York, NY) using a 63ϫ oil immersion lens, and images were obtained with LSM 510 image browser software as described previously (50) . Coverslips with mock-infected cells were included, as controls, in each experiment and were processed in the same way as coverslips with infected cells.
Electron microscopy. Sf9 cells and VCMs grown on coverslips were inoculated with recombinant baculovirus that encoded Pns10 and RDV, respectively. At various times after inoculation, cells were prepared for transmission electron microscopy as described previously (33) . For immunoelectron microscopy, the cells were fixed and immunostained as described previously (50) with the Pns10-specific antibodies or viral particle-specific antibodies and 10-nm or 15-nm gold particle-conjugated goat antibodies against rabbit IgG (GAR10 or GAR15, respectively; British Bifocals International, Cardiff, United Kingdom). The specificity of labeling of ultrathin sections was monitored by incubating infected cells with preimmune rabbit serum or by incubating noninfected cells with Pns10-specific IgG.
Inhibition of formation of cell projections by various drugs. VCMs (1 day after seeding at low density) were inoculated with RDV at a multiplicity of infection (MOI) of 10, incubated for 2 h, washed twice, and incubated at 25°C. From 2 h p.i. onwards until fixation, cells were cultivated in the presence of 1 M latrunculin A or 50 nM jasplakinolide. Sf9 cells that were infected with baculovirus that encoded Pns10 of RDV were also cultivated in the presence of 3 M latrunculin A or 100 nM jasplakinolide. After fixation (18 h p.i. for VCMs or 2 day p.i. for Sf9 cells), drug-treated cells were stained with Pns10-specific IgG conjugated to FITC and rhodamine phalloidin and, finally, visualized by fluorescence microscopy as described above.
Examination of the spread of RDV in the absence and presence of various drugs. VCMs (1 day after seeding at low density) were inoculated with RDV at a low MOI of 0.001. After a 2-h adsorption period at 25°C, the inoculum was removed. Then cells were incubated in medium supplemented with antibodies (30 g/ml of medium) against viral particles to neutralize extracellular viruses (21, 25) . To study the ability of virus-neutralizing antibodies to inhibit infection by the virus, VCMs were fixed 24 h p.i. or 5 days p.i., stained with viral particlespecific IgG conjugated to FITC, and visualized by fluorescence microscopy. To study the effects of latrunculin A and jasplakinolide on the spread of RDV, infected VCMs were incubated with 1 M latrunculin A or 50 nM jasplakinolide from 2 h p.i. until fixation. Cells were fixed 5 days p.i., stained for RDV antigens with viral particle-specific IgG conjugated to FITC, and visualized by fluorescence microscopy. The fluorescent cells were counted at a magnification of ϫ10 by the focus count method (25) . In this method, an infected cell and any adjoining infected cells were counted as one infectious unit. A minimum of four fields was counted for each sample from three or more independent experiments. Photomicrographs of representative florescent foci were obtained.
RESULTS

Nonstructural protein Pns10 of RDV is a constituent of tubular structures.
In an earlier study, the nonstructural pro-tein Pns10 was detected on tubule-like structures by immunofluorescence microscopy (50) . To confirm the observation, VCMs were inoculated with RDV at an MOI of 10, fixed at 18 h p.i., and examined by electron microscopy. We observed tubules of approximately 85 nm in diameter protruding from the surface of leafhopper cells and surrounded by an extended plasma membrane (Fig. 1A) . These tubules contained electron-dense particles of 70 nm in diameter, which correspond to the size of viral particles. To identify the constituents of the tubules, we examined the subcellular localization of Pns10 of RDV in infected VCM by immunoelectron microscopy. As shown in Fig. 1B , the tubules were evenly immunolabeled with antibodies against Pns10. Electron-dense particles in the tubules reacted with the antibodies against viral particles (Fig.  1C) . No specific labeling was detected in noninfected cells after incubation with Pns10 or virus-specific IgG or in infected cells after incubation with preimmune rabbit serum (data not shown).
Tubular structures protrude from the surface of infected cells. To study the appearance of the tubular structures at the cellular level, we used immunofluorescence microscopy to visualize Pns10 tubules over the time course of infection of VCMs by RDV. VCMs were inoculated with RDV at an MOI of 10, stained at various times with Pns10-specific IgG conjugated to FITC, and examined by fluorescence microscopy. In infected cells, Pns10 was scattered throughout the cytoplasm in numerous thread-like structures as early as 10 h p.i. (Fig. 2A) . As the infection proceeded, at 14 h p.i., Pns10 was abundant in the cytoplasm, where it appeared to form tubule-like structures at the periphery of cells or protruding from the cell surface Cells were immunostained with Pns10-specific IgG or viral particle-specific IgG as primary antibodies, followed by treatment with 10-nm gold particle-conjugated goat antibodies against rabbit IgG as second antibodies. Bars, 300 nm. (Fig. 2B ). Later still, at 36 h p.i., many Pns10 tubule-like structures protruded from the surface of infected cells (Fig. 2C) . These results suggested that Pns10 might be responsible for the extension of tubules from the surface of infected cells. No specific fluorescence was detected in noninfected cells after incubation with Pns10-specific IgG (data not shown). Fig. 2A) . Later, at 48 h p.i., the Pns10-containing tubule-like structures were much more clearly defined, and some tubules even emerged from the surface of these non-host insect cells (data not shown, refer to Fig. 2B ). Even later, at 72 h p.i., numerous tubule-like structures extended for considerable distances from the cell surface (data not shown, refer to Fig. 2C ).
Aggregation of Pns10 to form tubules in vivo.
Immunoelectron microscopy allowed us to locate Pns10 more specifically in the tubular structures in the cytoplasm of Sf9 cells (data not shown, refer to Fig. 1B) . These tubules resembled, in terms of the distribution of diameters and lengths, the tubules produced in VCMs that had been infected by wild-type RDV. Thus, expression of Pns10 alone, in the absence of viral proliferation, was sufficient for the formation of tubules in Sf9 cells. No reaction with cellular structures by incubation with Pns10-specific IgG in noninfected cells or viral structures with preimmune rabbit serum in infected cells was observed (data not shown).
Pns10 tubules associate with actin-based cell protrusions. In uninfected VCMs, filopodia that extended toward neighboring cells were readily observed at low cell density under the light microscope. As noted above, Pns10 tubules were able to protrude from cell surfaces, resembling the filopodia that extended from the surface of cells. These observations suggested that Pns10 tubules might attach themselves to filopodia. To examine this possibility, VCMs were inoculated with RDV at an MOI of 10, fixed at 18 h p.i., and stained with Pns10-specific IgG conjugated to FITC and rhodamine phalloidin. This double labeling of infected cells revealed that actin-based filopodia were filled with tubules of Pns10 that extended as far as the very tips of the projections (Fig. 3) . Moreover, some tubules were associated with filopodia that penetrated the cytoplasm of adjacent cells, indicating that the tubules might move along filopodia to adjacent cells. In addition, the association of Pns10 tubules with filopodia seemed to not greatly cause the alterations of host actin-cytoskeleton compared with uninfected cells.
To investigate whether Pns10 tubules have the inherent ability to associate with actin-based projections in the absence of other viral proteins, Sf9 cells were inoculated with recombinant baculovirus that encoded Pns10, fixed at 2 days p.i., and stained with Pns10-specific IgG conjugated to FITC and rhodamine phalloidin. Confocal microscopy revealed Pns10 tubules that protruded conspicuously from cell surfaces and were associated with actin-based projections from Sf9 cells (Fig. 3) . Thus, Pns10 tubules were associated with actin-containing projections that extended both from host and from nonhost cells.
Binding of Pns10 to actin in vitro. Our observations by confocal microscopy indicated that Pns10 and actin might interact in vivo. To examine this possibility, we used a protein interaction assay in vitro that is based on measurements of surface plasmon resonance. For this assay, we expressed recombinant Pns10 in E. coli as a fusion protein (MBP-Pns10) and MBP as a negative control (data not shown). After affinity Ϫ6 M. The halflife for the dissociation was estimated to be less than 5 s. The rapid association and dissociation of Pns10 with actin indicate a specific but relatively low-affinity interaction. By contrast, the control assay with MBP did not show specific binding signal with immobilized actin (data not shown).
Transfer of virus particles to uninfected cells in the presence of virus-neutralizing antibodies. To determine whether Pns10 tubules were related to the spread of RDV from infected to noninfected cells, we examined the spread of RDV among cells in VCMs in the presence of virus-neutralizing antibodies. VCMs were inoculated with RDV at a low MOI of 0.001, and, from 2 h p.i. onward, virus-neutralizing antibodies (30 g/ml of medium) were added to the culture medium to inhibit infection by virus that had been released into or was present in the culture medium. At this low MOI, the infection rate was below 1% and secondary infection was easily monitored. The antibodies at this concentration used blocked the infectivity of RDV when they were added before viral inoculation in control experiments (data not shown). The spread of RDV was monitored by immunofluorescence using antibodies against intact viral particles.
For the first 1 day p.i., RDV generated similar numbers of foci of infected cells, which included one or two cells, irrespective of the presence or absence of virus-neutralizing antibodies ( Fig. 5A and B) . normal inoculation condition (Fig. 5C) . No single-cell infection, which indicated new infection by free virus, was observed. In parallel experiments, with medium that did not contain virus-neutralizing antibodies, large foci of infected cells that included 30 to 60 cells as well as single-cell foci in isolated regions, away from the infected cell clusters, were constantly observed (Fig. 5D ). When number of foci of infected cells in the absence of neutralizing antibodies was compared 5 days p.i., viruses in the presence of neutralizing antibodies produced up to 20-fold fewer numbers of foci of infected cells, though number of infected cells in such foci increased along with the time after inoculation.
Attachment of virus-containing tubules to neighboring cells in the presence of virus-neutralizing antibodies.
The increase in the number of virus-infected cells in clusters in the presence of virus-neutralizing antibodies, as described above, indicated that RDV was able to spread directly from an initially infected cell to adjacent cells in the absence of infection by cell-free viruses. It is conceivable that RDV might move into adjacent cells via specific intracellular channels. To examine whether tubules might participate in the direct cell-to-cell spread of viruses, VCMs that had been seeded at low density were inoculated with RDV at a low MOI of 0.001. Then, 2 h later, virus-neutralizing antibodies were added as described above. Cells were fixed at 3 days p.i. and stained with Pns10-specific IgG conjugated to Alexa Fluor 647 carboxylic acid, viral particle-specific IgG conjugated to FITC, and rhodamine phalloidin. Confocal microscopy indicated that viral antigens were associated with several short lengths of tubules that were colocalized with filopodia and were attached to neighboring cells, which appeared either to be healthy or at an early stage of infection (Fig. 6) . These results suggested that RDV particles might spread to adjacent cells from an originally infected cell, using short lengths of Pns10 tubules as transfer structures, without leaving the cytoplasm. It appears that RDV particles did not move through long contiguous tubules within filopodia.
Inhibition of the formation of filopodia and resultant effects on the intercellular spread of RDV. To examine how Pns10 tubules might associate with actin protrusions, VCMs that had been infected with RDV at an MOI of 10 were treated with chemicals that inhibit the formation of actin filament. Cells were fixed 18 h p.i. and stained with Pns10-specific IgG conjugated to FITC and rhodamine phalloidin. In preliminary experiments, a range of drug concentrations was tested (data FIG. 6 . Pns10 tubules protruded from the surface of infected cells and attached to neighboring cells in the presence of virus-neutralizing antibodies. VCMs were inoculated with RDV at a low MOI of 0.001. At 2 h p.i., virus-neutralizing antibodies were added to the medium. Cells were fixed 3 days p.i., stained with Pns10-specific IgG conjugated to Alexa Fluor 647 carboxylic acid, viral particle-specific IgG conjugated to FITC, and rhodamine phalloidin, and visualized by confocal fluorescence microscopy. Bar, 10 m. not shown), and concentrations that exerted desired effects were determined. Treatment of cells with 1 M latrunculin A, the inhibitor of actin filament elongation (28) , resulted in the complete disassembly of actin-based filopodia (Fig. 7) in contrast to the uninfected cells (Fig. 3) and, in addition, changed the distribution of Pns10 tubules dramatically (Fig. 7) , demonstrating that the inhibitor was functional. Though this inhibitory chemical had no effect on the formation of Pns10 tubules, the extension of Pns10 tubules from the surface of infected cells was almost completely inhibited (Fig. 7) . Treatment with 50 nM jasplakinolide, an actin-stabilizing drug that also inhibits the elongation of actin filaments (5, 6), also suppressed the formation of actin-based filopodia, with resultant inhibition of the extension of Pns10 tubules from the surface of cells (Fig.  7) . These results indicated that the association of Pns10 tubules with filopodia was mediated by the underlying actin cytoskeleton.
In further support of the involvement of actin in efficient extension of Pns10 tubules from the cell surface, Sf9 cells that were infected with recombinant baculovirus that encoded Pns10 of RDV were also treated with latrunculin A (3 M) or jasplakinolide (100 nM) to inhibit the formation of the actincontaining cell projection. Treated cells were fixed 2 days p.i. and stained with Pns10-specific IgG conjugated to FITC and rhodamine phalloidin. Similarly, the suppression of actin-containing cell projections formation also resulted in the inhibition of the extension of Pns10 tubules from the surface of Sf9 cells (Fig. 7) .
The direct cell-to-cell spread of RDV appears to exploit Pns10 tubules that are associated with actin-based filopodia. We postulated that any inhibitors that affect the association of Pns10 tubules with actin would also affect the intercellular spread of RDV. To examine this possibility, VCMs that were seeded at low density were inoculated with RDV at a low MOI of 0.001 and, from 2 h p.i. onwards, incubated in the presence of virus-neutralizing antibodies and were treated with one of the actin disassembly or stabilizing drugs. Following 5 days of incubation, the infected cells were fixed and the effects of inhibitors were subsequently assessed using fluorescence microscopy. The virus produced foci ranging in size from 4 to 17 cells at this time (Fig. 8A) . In contrast, with both the latrunculin A-and jasplakinolidetreated cells, local spread was inhibited and only single-cell or two-cell foci were visible ( Fig. 8B and C) . Furthermore, approximately the same numbers of infected-cell foci were produced, irrespective of the presence or absence of inhibitory chemical, demonstrating that these foci were produced from the initially infected cells. These results suggest that latrunculin A and jasplakinolide, both of which inhibited the association of Pns10 tubules with filopodia, reduced the efficiency of the intercellular spread of virus in sparsely seeded VCMs. Taken together, our data indicate that the association of Pns10 with filopodia could facilitate the intercellular spread of RDV in the presence of virus-neutralizing antibodies.
DISCUSSION
Visualization of tubules in cells infected with RDV by immunoelectron microscopy (Fig. 1B) and by immunofluorescence microscopy ( Fig. 2) indicated that the tubules were composed of the nonstructural protein Pns10 that is encoded by the RDV genome. Expression of Pns10 in Sf9 cells, a nonhost of RDV, resulted in the formation of tubular structures with dimensions and appearance similar to those of tubules in RDV-infected VCMs. These observations indicated that Pns10 is responsible for the formation of the tubular structure and the extension of these tubules from the cell surface is not specific to cultured host leafhopper cells and does not require other RDV-encoded components. Viral particles were packaged in tubules from the beginning of tubule formation and they were found to be associated with extending tubules (Fig.  1, data not shown) .
In the presence of neutralizing antibodies, a single cell was visibly infected 24 h p.i. with RDV at a low MOI. Then small foci of infected cells became visible 5 days after inoculation (Fig. 5) . By contrast, diffuse infection of surrounding cells, mainly due to released viruses, was evident in the absence of the neutralizing antibodies 5 days after inoculation (Fig. 5) . These results, together with the observation that Pns10 tubules filled with viral particles were attached to neighboring healthy cells or to cells at an early stage of infection in the presence of neutralizing antibodies (Fig. 6) , demonstrate that Pns10 tubules might provide a route by which RDV particles can be transported to neighboring cells even under conditions that completely neutralize viruses released from primary infected cells.
Virion-containing tubules, when associated with actin-based filopodia, were able to protrude from the surface of infected cells and to penetrate the cytoplasm of neighboring cells (Fig.  3 and 6 ). This association of viral particles-containing Pns10 tubules with filopodia was believed to facilitate the intercellular spread of virus. The observations that suppression of the extension of actin filaments by inhibitory chemicals was accompanied by suppression of the extension of Pns10 tubules from the surface of infected cells (Fig. 7) and also by reduced intercellular spread of RDV in the presence of virus-neutralizing antibodies (Fig. 8 ) support this hypothesis. Furthermore, the inhibitory chemicals had no effect on the formation of Pns10 tubules inside infected VCMs (Fig. 7) and on the replication of RDV in VCMs (data not shown). Our results appear to reveal a previously uncharacterized aspect of the intercellular spread of RDV, wherein viruses exploit tubules composed of a nonstructural viral protein to move along actin-based dynamic filopodia to uninfected adjacent cells. RDV containing tubules observed in microvilli of the midgut in viruliferous leafhoppers (29) seem to correspond to the structure found in this study, which should be clarified in future.
The process mentioned above has been described as "Factin flow" and has been studied extensively using artificial beads (26, 43) . The way in which Pns10 tubules engage in F-actin flow remains to be determined. The on and off rates and affinities observed in the surface plasmon resonance assays with actin and MBP-Pns10 revealed a specific but relatively low-affinity interaction in vitro (Fig. 4) . Moreover, the fast dissociation of Pns10 proteins from actin results in a less-stable Pns10 protein-actin binding. This instability of Pns10 protein with actin may identify the possible mechanisms of the transport of Pns10 tubules along actin filaments in infected cells. That is, it appears that strong linkage to the actin cytoskeleton of Pns10 tubules might only occur briefly as Pns10 tubules move along filopodia. Alternatively, it is possible that Pns10 tubules engage a molecular clutch and exploit a slippage type of motility rather than linking rigidly to actin filaments.
The nature of the extension of actin-based filopodia between insect cells is reflected by the current model for the actomyosin-based organization of plasmodesmata in plant cells (2, 14, 35, 52) . In intact plants, MPs of several plant viruses have the ability to form tubules that extend between cells through plasmodesmata, apparently displacing the desmotubule, and provide a channel through which virions may pass (16, 20, 47, 48) . In this respect, the transport of Pns10 tubules along filopodia to adjacent insect vector cells in VCMs resembles the extension of the MP tubules of several plant viruses between plant cells through plasmodesmata (23, 41) . Thus, the seemingly different movement strategies exploited by plant viruses might have originated from some similar ancestral transport archetype(s) in plant hosts or insect vectors.
Intracellular endosomes/lysosomes have been studied extensively to transport along the membrane nanotubule or filopodia from cell to cell (37, 40, 42, 49) . It will be interesting to investigate whether viruses can also exploit membrane nanotubules or filopodia to facilitate intercellular spread. In the case of RDV, viral particles are engulfed by a membrane enveloped structure (tubule), which accumulate in filopodia and move from cell to cell in VCMs. The tubular structures composed of Pns10 of RDV seem, functionally, reminiscent of membrane-enveloped vesicular structures. Therefore, it is intriguing to speculate that the actin cytoskeleton might serve the Pns10 tubules of RDV as "intracellular vesicles" and allow them to move into adjacent cells. However, RDV is different from several vertebrate-infecting viruses that modify and employ actin-based protrusions for cell-to-cell spread without the production of structures that resemble Pns10 tubules of RDV (9, 18, 19, 30) .
Recently, Cao et al. reported that RDV Pns10 as a suppressor of RNA silencing in a nonhost plant (7) . It will be interesting to examine the relationship between the ability of Pns10 to form tubules and its ability to suppress RNA silencing.
